Abstract Fenpropathrin is one of the widely used pyrethroids in agriculture and household and also reported to have neurotoxic effects in rodent models. In our Parkinson's disease (PD) clinic, there was a unique patient with a history of daily exposure to fenpropathrin for 6 months prior to developing Parkinsonian symptoms progressively. Since whether fenpropathrin is related to any dopaminergic degeneration was unknown, we aimed in this study to evaluate the neurotoxic effects of fenpropathrin on the dopaminergic system and associated mechanisms in vitro and in vivo. In cultured SH-SY5Y cells, fenpropathrin caused cell death, reactive oxygen species generation, Lewy body-associated proteins aggregation, and Lewy body-like intracytoplasmic inclusions formation. In rodent animals, two different injections of fenpropathrin were used for administrations, intraperitoneal (i.p), or stereotaxical (ST). The rats exhibited lower number of pokes 60 days after first i.p injection, while the rats in ST group showed a significant upregulation of apomorphine-evoked rotations 60 days after first injection. Dcreased tyrosine hydroxylase (TH) and vesicular monoamine transporter 2 (VMAT2) immunoreactivity, while increased dopamine transporter (DAT) immunoreactivity were observed in rats of either i.p or ST group 60 days after the last exposure to fenpropathrin. However, the number of TH-positive cells in the substantia nigra was more reduced 120 days after the first i.p injection than those of 60 days. Our data demonstrated that exposure to fenpropathrin could mimic the pathologic and pathogenetic features of PD especially in late onset cases. These results imply fenpropathrin as a DA neurotoxin and a possible environmental risk factor for PD.
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Introduction
Parkinson's disease (PD) is a common neurodegenerative disease, characterized by tremor, rigidity, bradykinesia, and postural instability. The hallmark pathology of PD includes the progressive degeneration of dopaminergic (DA) neurons and the formation of Lewy bodies in the substantia nigra [1] . Although the causes are unknown, environmental toxins especially pesticides are considered to be significant risk factors for PD. It has been proven that exposure to herbicides and insecticides increased the risk for PD with an average risk ratio of 1.62 [95 % confidence interval: 1.40, 1.88] [2] . Pyrethroid is a class of widely used pesticides, synthesized derivatives of natural insecticidal pyrethrins [3] . Pyrethroids have been increasingly used in agriculture and household due to their outstanding potency and environmental stability [4] . Pyrethroids are classified as type I and type II based on their chemical structure and neurotoxicological effects, as type I compounds have no alpha-cyano group on the phenoxybenzyl moiety and produce neurological syndrome characterized by aggressive sparring and tremors (T syndrome). However, type II has an alpha-cyano group and leads to a syndrome characterized by choreoathetosis and salivation (CS syndrome) [5] . Previous studies have indicated the toxic effects of pyrethroids on DA system. For example, deltamethrin could disrupt dopamine biosynthesis in PC12 cells by inhibition of tyrosine hydroxylase mRNA and protein expression [6] . Deltamethrin and permethrin increased DAT-mediated dopamine uptake and caused neurotransmitter release [7, 8] . In addition, exposure to cypermethrin, another pyrethroid, led to DA neurodegeneration in rats [9] . However, up to now, there is no evidence conclusively showing pyrethroids as an etiological factor of PD in epidemiology study.
Fenpropathrin (α-cyano-3-phenoxybenzyl-2, 2, 3, 3-terame-thylcyclopropanecarboxylase, (Fen)), a relatively new, synthetic pyrethroid for controlling insect pests, has not been classified into the traditional classifications of pyrethroids. Fenpropathrin is an alpha-cyano pyrethroid but exhibits neurotoxicological responses in several symptoms similar to both groups [10] . As the characteristic of quick metabolism and elimination from the body, fenpropathrin is thought to be nontoxic to mammals [11] . However, fenpropathrin displays long-lasting effects in the water and can be highly toxic to fish and be accumulated in fish [12] . It has been reported that fenpropathrin and deltamethrin decreased kynurenic acid (KYNA) concentration in rat cortical slices [13] , a decreased concentration also be found in the brain tissue and cerebrospinal fluid of PD patients [14] .
A 42-year-old man, farmer, was first admitted in the Department of Neurology, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology for the tremor on the left upper extremity for half a year in 2009. He has a history of eating fenpropathrin-poisoned fish for half a year, and then, the symptoms developed gradually 2 years later. About 60 days after first admission, his symptoms developed with rigidity on the left upper extremity and a slight tremor on the left lower extremity. He was diagnosed as PD according to the UK Parkinson's Disease Society Brain Bank criteria. His Unified Parkinson's Disease Rating Scale (UPDRS) part III (motor) score was 10 while his Hoehn and Yahr stage score was 1. His symptoms could be alleviated by madopar and sifrol, but progressed in the following 2 years. Although the fenpropathrin-mediated neurotoxicity in animals has been reported previously [5, 10] , the correlation between the onset of PD and the history of fenpropathrin exposure was unclear, whether or not fenpropathrin has specific neurotoxic effects on DA cells or neurons remains unknown. Taking the possibility of fenpropathrin exposure causing lesions in DA neurons and contributing to developing PD into account, the widely usage of fenpropathrin could be a serious public health concern [15] .
Thus, the present study aimed to explore the correlation between fenpropathrin and PD in vitro and in vivo DA systems. In SH-SY5Y cell model, the apoptosis, oxidative stress, and protein aggregation were assessed after fenpropathrin administration. Additionally, the animals were intraperitoneally or stereotaxically treated with fenpropathrin to investigate the effect of fenpropathrin on DA neurodegeneration and the underlying mechanisms.
Material and Methods

Chemicals and Reagents
Fenpropathrin (>92 % purity) was purchased from Zhejiang Dongyang-Xinhui Chemical Industry co., LTD, Zhejiang, China. SH-SY5Y cell line was obtained from the China Center for Type Culture Collection, China. Fetal bovine serum and DMEM/F12 medium were supplied by Gibco (Gibco BRL, NY, USA). JC-1, DCFH-DA, 3-(4, 5-dimethylthiazal-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT), Hoechst 33258, and apomorphine were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dimethyl sulfoxide (DMSO), Triton-X100, and paraformaldehyde were obtained from AMRESCO (Solon, OH, USA); Annexin V/PI apoptosis detection kit from Bender MedSystems (USA); bovine serum albumin (BSA) from Invitrogen (Invitrogen, San Diego, CA, USA); rabbit polyclonal anti-alpha-synuclein antibody from Proteintech (Chicago, IL, USA); rabbit polyclonal anti-ubiquitin antibody from Abcam (Cambridge, UK); rabbit polyclonal anti-P62/SQTM1 antibody from Sigma-Aldrich (St. Louis, MO, USA); sheep polyclonal anti-TH antibodies from Abcam (Cambridge, UK); rabbit polyclonal anti-DAT and rabbit polyclonal anti-VMAT2 antibodies from Santa Cruz (Santa Cruz, CA, USA); and rhodamine-conjugated goat anti-rabbit IgG and fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG antibodies from Pierce (Rockford, IL, USA).
Cell Culture SH-SY5Y cells were cultured in DMEM/F12 medium supplemented with 10 % fetal bovine serum and 5 % CO 2 and 95 % air (v/v) at 37°C. Fenpropathrin was dissolved in DMSO before diluted into the culture medium. Equal volume of DMSO was added to the culture medium in control group. The final concentration of Fen in dose-dependent study was 0.5, 1, 10, 25, 50, and 100 μM (Fen-0.5, Fen-1, Fen-10, Fen-25, Fen-50, and Fen-100 groups), respectively, treating for 24 h. For the time-dependent study, Fen (25 μM) was given for 6, 12, 24, 36, 48, and 72 h (Fen-6 h, Fen-12 h, Fen-24 h, Fen-36 h, Fen-48 h, and Fen-72 h groups), respectively, to induce cell damage.
Measurement of Cell Viability
Cell viability was examined by the 3-(4, 5-dimethylthiazal-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) assay [16, 17] . SH-SY5Y cells were plated at a density of 1×10 4 cells per well in 96-well plates. After Fen treatment, the cells were incubated with 20 μl MTT (5 mg/ml; Sigma-Aldrich, St. Louis, MO, USA) at 37°C for 4 h. After removal of the medium, 150 μl DMSO was added into each well to dissolve the formazan crystals. Then the absorbance was measured by a microplate reader at a test wavelength of 570 nM and reference wavelength of 630 nM. Cell viability was expressed as a percentage of the value in DMSO-treated control cells.
Apoptosis Detection in SH-SY5Y Cells
Apoptosis was analyzed by flow cytometry (BD, Franklin Lakes, NJ, USA) according to manufacturer's instructions of the Annexin V/PI apoptosis detection kit [17, 16] . After fenpropathrin treatment, 2×10
6 SH-SY5Y cells were harvested by treatment with 0.25 % trypsin, washed with ice-cold phosphate-buffered saline (PBS) for three times, and incubated for 10 min with a combination of 5 μl of Annexin V-FITC and 10 μl propidium iodide (PI) working solution at 37°C in the darkness. The specific fluorescence of 10,000 cells was analyzed by the FACSCalibur (BD) within 1 h after the FITCconjugated Annexin V was added. Data were analyzed by FlowJo 7.6.5. The apoptosis rate=[Annexin V(+) PI(−) cells+ Annexin(+) PI(+) cells]/total cell×100 %.
Detection of MMP and ROS in SH-SY5Y Cells
The method for the analysis of mitochondrial membrane potential (MMP) and reactive oxygen species (ROS) was referred to a previously study [18] . Cells were harvested, resuspended in PBS, and immediately stained with JC-1 (1 mg/ml in DMSO) or DCFH-DA (10 μM), and incubated in darkness at 37°C for 30 min. After washing twice with icecold PBS, the samples were subject to FACScan flow Cytometry (BD). Data were analyzed by FlowJo 7.6.5.
Histopathological Analysis of SH-SY5Y Cells SH-SY5Y cells grown on cover slips were fixed with 4 % paraformaldehyde at 4°C for 30 min, washed by PBS and then stained with hematoxylin and eosin (H&E), and examined under a light microscope to examine Lewy body-like structure.
Immunocytochemistry Detection in SH-SY5Y Cells SH-SY5Y cells were fixed with 4 % paraformaldehyde at 4°C for 30 min, washed with 0.1 M PBS for three times, and permeabilized with 0.1 % Triton-X100 for 20 min. The slips were blocked with 5 % BSA in 0.1 M PBS for 1 h [19] , then incubated with anti-alpha-synuclein (1:50 dilution), antiubiquitin (1:1000 dilution), or anti-P62/SQTM1 (1:1000 dilution) at 4°C overnight and then rhodamine-conjugated goat anti-rabbit IgG (1:200 dilution) or FITC-conjugated goat antirabbit IgG (1:200 dilution) at 37°C for 1 h. After washed by PBS, the cells were incubated with Hoechst 33258 (10 μg/ml) at room temperature for 10 min. The slides were observed under a Zeiss confocal microscope (Carl Zeiss; Jena, Germany), and the pictures were analyzed by Image-Pro Plus 6.0 (Bethesda, MD, USA).
Animals and Treatment
Adult Sprague-Dawley rats were obtained from the Wuhan University Center for Animal experiment/A3-Lab. Rats were maintained under standard conditions with a 12-h light/dark cycle and at temperature 22±2°C and relative humidity at 50±10 %. Food and water were provided ad libitum. Animal handling and procedures were approved by the Ethical Committee on Animal Experimentation of Tongji Medical College, Huazhong University of Science and Technology.
Rats were randomly assigned to fenpropathrin-treated and control groups. Fenpropathrin was dissolved in corn oil or DMSO and administered to rats by intraperitoneal injection (i.p) or stereotaxical injection (ST) ( Supplementary Fig. 1 ). Some of the rats were continuously treated intraperitoneally with fenpropathrin (15 mg/kg/day) while the controls were treated with an equal volume of corn oil for 60 days (1 day for rest in every 7 days). Furthermore, half of the fenpropathrintreated rats were left untreated under normal conditions for 60 days after the last injection. Half of the rats were sacrificed 24 h after the last treatment of fenpropathrin.
For ST infusion, the method was following our previous report [20] . Fenpropathrin dissolved in DMSO (6 μg/μL, 1 μL) was infused into the right ventral tegmental area (VTA; coordinates: AP −5.0 mm, ML 1.0 mm, DV −7.8 mm) and substantia nigra pars compacta (SNc) (coordinates: AP −5.0 mm, ML 2.0 mm, DV −8.0 mm) at a flow rate of 0.2 μL/min. After the injection, the needle was left in place for additional 5 min for complete diffusion of the drug before being slowly withdrawn from the brain. The animals received proper care after surgery until completely recovered, then were fed under normal conditions for 60 days.
Behavioral Studies
Behavioral studies were performed using the adjusting steps test, hole and board test, and apomorphine (APO)-induced rotations. The adjusting steps test is an assessment of rigidity extent [21] . The experimenter placed one hand along the side of the rat and with the other hand fixing the forelimb that was not to be monitored. The rats were pushed to move slowly sideways. The number of adjusting steps for both directions and both forelimbs was counted. The hole and board test was used to assess exploratory behavior of the rats [22] . The rats were put on a wooden plank with many holes. The tendency of the rats to insert their head into the holes was observed. The number of exploring the holes per 5 min was recorded for each animal. APO-induced rotations were used to evaluate the lesions of DA neurons in the ST infusion rats every 14 days after fenpropathrin exposure. The rats were placed on a table (1×1 m) with a railing and allowed to acclimate to the environment for 10 min. And then, the rats received APO (1.5 mg/kg) intraperitoneally [20] . The rotations were recorded for 30 min after APO exposure.
TH immunoreactivity and TH-positive Neuron Count
Tissue staining and cell counts followed the previously reported method with slight modifications [20] . Rats were deeply anesthetized with 10 % chloral hydrate (3.5 ml/kg, i.p) at the time of sacrifice and perfused with ice-cold 0.9 % sodium chloride and fixated with 4 % paraformaldehyde in 0.1 M phosphate-buffered saline (PBS). Brains were quickly removed and fixed in 4 % paraformaldehyde at 4°C for 24 h. Then the brains were mounted on gelatin-coated slides and air-dried overnight. Coronal sections (5 μm) were cut through the striatum and the substantia nigra by using a sledge microtome (Wetzlar, Germany). The sections were de-waxed, hydrated in descending grades of ethanol, and then quenched with 0.3 % H 2 O 2 for 30 min to consume endogenous peroxidase. After antigen retrieval by citrate buffer, the slides were treated with 0.1 % Triton-X100 for 30 min and 5 % bovine serum albumin (BSA) at room temperature for 2 h. The sections were first incubated with anti-TH antibody (1:500) at 4°C overnight. After washing with PBS, the sections were incubated with a biotinylated goat anti-sheep secondary antibody at room temperature for 1 h. After incubating with peroxidase-conjugated streptavidin for 45 min, the sections were visualized by 3, 3′-diaminobenzidine (DAB) for 15-20 min. The sections were visualized under the light microscope, and the TH-positive cells were counted according to the method described previously [23] .
For immunofluorescence assay, sections of the SNc and striatum were incubated with TH antibody (1:500) at 4°C overnight and then with the secondary FITC-conjugated donkey anti-sheep IgG antibody (1:200) diluted by 10 μg/ml Hoechst 33258 at room temperature for 1 h. The slides were then observed under a confocal fluorescence microscope, and the pictures were analyzed by Image-Pro plus 6.0.
Measurements of Dopamine, DOPAC, and HVA
The animals were sacrificed via cervical dislocation. The striatum was isolated from the brain, immediately frozen and stored at −80°C and preceded for analyses. Dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA) were measured as described previously [20] . The striatum was sonicated in ice-cold 0.01 M HClO 4 solution containing 0.01 % EDTA. The homogenate was centrifuged at 12,000g at 4°C for 10 min, and the supernatant was filtered through a syringe filter (0.22 μm). The filtrate (20 μL) was injected into reverse phase C-18 high-performance liquid chromatography (HPLC) column equipped with a fluorescence detector (Waters, MA). The mobile phase consisted of trisodium citrate (0.02 M), sodium dihydrogen phosphate (0.05 M), methanol (40 %), EDTA (0.028 g/L), and SDS (0.15 g/L). The solution was adjusted to PH 3.5 with 98 % H 2 SO 4 , filtered through a 0.45-μm membrane filter. The separation was achieved at a flow rate of 1.0 ml/min, and the column temperature was set at 40°C. After separation, DA, DOPAC, and HVA were detected at the excitation wavelength of 280 nm and an emission wavelength of 315 nm.
DAT and VMAT2 Immunoreactivity
For the dopamine transporter (DAT) or vesicular monoamine transporter 2 (VMAT2) staining, the brain tissues were sectioned into 15 μm-thick slices with a cryostat. The sections were fixed with 4 % paraformaldehyde for 30 min and then treated with 0.1 % Triton-X100 for 30 min and 5 % bovine serum albumin (BSA) at room temperature for 2 h. The sections were incubated with anti-DAT antibody (1:50 dilution) or anti-VMAT2 antibody (1:50 dilution) at 4°C overnight. Primary antibodies were visualized by the FITCconjugated donkey anti-rabbit IgG (1:100 dilution), and the nuclei were stained with Hoechst 33258 (10 μg/ml) at room temperature for 1 h. The slides were then observed under a confocal fluorescence microscope, and the pictures were analyzed by Image-Pro plus 6.0.
Histopathological Analysis of Brains
After being de-waxed, hydrated in descending grades of ethanol, the SNc sections (5 μm) were stained with hematoxylin and eosin (H&E) and then examined under a light microscope.
Pathology of the Peripheral Organs
The pathologic changes of the peripheral organs including the heart, lung, kidney, and liver were examined on four rats from each group. The peripheral organs were dissected and fixed in 4 % paraformaldehyde before being embedded in paraffin. The tissue was sectioned into 5 μm pieces, stained with hematoxylin and eosin (H&E), and then examined under a light microscope.
Statistical Analysis
Statistical analyses were carried out using SPSS version 12.0 for Windows (SPSS, Chicago, IL, USA). Given a normal distribution in all groups, the intergroup differences were assessed by one-way analysis of variance (ANOVA) and/or Student t tests. The results are presented as the means±SD, with P value<0.05 as statistically significant.
Results
Fenpropathrin Inhibited the Cell Proliferation of SH-SY5Y in a Dose-Dependent Fashion
We first analyzed the neurotoxic effect of fenpropathrin in SH-SY5Y cells. By the MTT test, fenpropathrin inhibited SH-SY5Y cell viability in a dose-dependent manner (Fig. 1) . Compared to the control group, SH-SY5Y cell viability was decreased to 56.09±4.61, 51.77±3.17, 42.83±3.45, 28.01± 1.42, and 36.86±1.83 % in Fen-1, Fen-10, Fen-25, Fen-50, and Fen-100 groups, respectively, after a 24 h exposure to Fen. Fenpropathrin at a dose range from 1 to 100 μM significantly inhibited the cell viability (Fig. 1g) . Furthermore, fenpropathrin altered the morphology of the SH-SY5Y cells, causing shorter apophysis and shrunken bodies compared to the control cells (Fig. 1a-f ).
Fenpropathrin Induced SH-SY5Y Cell Apoptosis in a Dose-and Time-Dependent Manner After fenpropathrin exposure, cells were harvested and incubated with Annexin V-FITC/PI before submitted to a flow cytometry. Our data showed that fenpropathrin evoked doseand time-dependent apoptosis in SH-SY5Y. The apoptosis rate of Fen-10, Fen-25, Fen-50, and Fen-100 groups was significantly different from that in the Con group (Fig. 2b) . When exposed to fenpropathrin (25 μM), the apoptosis rate of Fen-24 h, Fen-36 h, Fen-48 h, and Fen-72 h groups was significant higher than that in the Con group (Fig. 2a, c) .
Fenpropathrin Induced MMP Reduction and ROS Generation in SH-SY5Y Cells
The loss of MMP is a hallmark of early apoptosis. During apoptosis, JC-1 aggregates in the mitochondrial membrane change to JC-1 monomeric form, resulting in red fluorescence changing to green fluorescence. Our results showed that fenpropathrin treatment induced the JC-1 monomer formation in a time-dependent manner. The ratio of JC-1 monomers of Fen-24 h, Fen-36 h, Fen-48 h, and Fen-72 h groups was significantly different from that in the Con group (Fig. 2d) .
Probe DCFH-DA was used to detect ROS in SH-SY5Y cells after exposure to Fen. When DCFH-DA diffuses into the cell, it forms a nonfluorescent compound DCFH and then could be oxidized into fluorescent compound DCF by ROS. Our data showed that fenpropathrin caused ROS generation in a time-dependent manner. The fluorescence intensity of DCF of Fen-36 h, Fen-48 h, and Fen-72 h groups was significantly higher than that in the Con group (Fig. 2e) .
Fenpropathrin Caused Lewy Body-Like Inclusion Formation SH-SY5Y cells were exposed to fenpropathrin for 48 h in a dose-dependent manner, and the H&E staining was employed to observe the pathological changes in SH-SY5Y cells. Lewy body-like eosinophilic intracytoplasmic inclusions could be observed in fenpropathrin-treated SH-SY5Y cells at a concentration higher than 10 μM, especially in Fen-25 and Fen-50 groups (Fig. 3a) .
Fenpropathrin Induced α-Synuclein, Ubiquitin, P62 Aggregates in SH-SY5Y Cells Fenpropathrin-treated SH-SY5Y cells (25 μM, for 48 h) were stained with antibodies for α-synuclein, ubiquitin, and P62/SQTM 1 (Fig. 3) . Lewy body is the hallmark of PD, and it has been reported that α-synuclein, ubiquitin, and P62 aggregations are immunoreactively positive in Lewy body [24] . Our data indicated that cell body swelling could be observed in fenpropathrin-administrated SH-SY5Y cells (Fig. 3) . Meanwhile, the α-synuclein (Fig. 3b) and ubiquitin (Fig. 3c) were concentrated in the cytosol; P62 (Fig. 3d ) aggregation increased in fenpropathrin group compared to that in the Con group, indicating that fenpropathrin could induce protein accumulation which is a main feature of Lewy body.
Fenpropathrin Caused Locomotor Activity Reduction
Continuously, fenpropathrin treatment by i.p induced restlessness and hyperexcitability during the initial 2 weeks, followed by a gradual onset of symptoms, including hypo-excitability, hypokinesia, and hair loss about 4 weeks later. The rats showed less locomotor activities, less climbing, weaken behavior of resisting arrest, and slow movement. Two of the i.p group rats exhibited tremor in unilateral limbs after 60 days exposure to fenpropathrin. One hundred twenty days after the first exposure, four of the rats in i.p group showed back hunching and whole body tremor. All rats were submitted to adjusting steps test to assess rigidity and akinesia 1 day before the sacrifice [25, 21] ; however, no significant difference was observed among the fenpropathrin ST group and fenpropathrin i.p group (Fig. 4b) . While the hole and board test demonstrated that i.p fenpropathrin-treated rats showed deteriorated exploratory ability 120 days after the first exposure, ST infusion group and control group showed no changes (Fig. 4c) , suggesting that chronic fenpropathrin treatment may decrease motor skills gradually. ST infusion group rats were submitted to APO-induced rotations to assess the lesions of DA neuron. The ST infusion rats showed typical contralateral rotations after APO injections at all time points (Fig. 4d) , indicating that DA neurons were damaged by fenpropathrin. But the rotational speed was different among the rats in ST group, ranged from 198 to 452 times per 30 min. Collectively, the behavioral results showed the loss of motor ability after fenpropathrin exposure. Moreover, we found that i.p infusion group exhibited slower growth in body weight than ST infusion group and control group (Fig. 4a) . Sixty days after the last exposure to i.p or ST infusion of fenpropathrin, the rats exhibited a significant reduction in number of TH-positive neurons compared to control groups (Fig. 5a, b) . The rats in i.p group exhibited a slightly reduced number of TH-positive neurons 60 days after first injection, without reaching statistical significance.
Meanwhile, for the immunofluorescence staining of the SNc and striatum tissues, TH immunoreactivity in the striatum was lower in the animals treated with fenpropathrin by i.p or ST group than that in the untreated group (Fig. 5c, d) . Specifically, the animals exhibited a more pronounced decrease in striatal TH immunoreactivity of either i.p group or ST group 60 days after the last exposure to fenpropathrin, comparing to the rats exposed to the oil or DMSO. In consistency with the striatal immunostaining, compared with control group, the SNc TH immunoreactivity was lower in both i.p and ST rats 60 days after the last exposure to fenpropathrin. However, TH immunoreactivity did not display any significant change between the rats in i.p group 60 days after first injection with the control group.
Fenpropathrin Decreased the Levels of Dopamine, DOPCA, and HVA in Treated Animals
The striatum levels of dopamine and its metabolites in Fentreated animals were assessed (Fig. 6) . The levels of dopamine, DOPAC, and HVA in the striatum were significantly reduced in the rats of either 120 days after the first injection of the i.p group or 60 days after the injection of the ST group comparing with their control groups.
Fenpropathrin Induced Upregulation of DAT and Downregulation of VMAT2 Expression
The effect of fenpropathrin on DAT or VMAT2 immunoreactivity of the neurons in the SNc was assessed (Fig. 7) . Fenpropathrin significantly increased DAT immunoreactivity, especially in ST infusion group (Fig. 7a, b) . The VMAT2 immunoreactivity was decreased in the rats during 60 days after the last exposure to fenpropathrin by either i.p infusion or ST infusion comparing with control rats (Fig. 7c, d) . Moreover, the i.p infusion group exhibited higher DAT immunoreactivity and lower VMAT2 immunoreactivity 120 days after the first exposure than that of 60 days after the first exposure.
Fenpropathrin Caused Distorted Neuronal Morphology in the SNc H&E staining revealed distorted neuronal morphology in the SNc of fenpropathrin-treated rats comparing to controls. However, no eosinophilic inclusions were found in the SNc neurons (Fig. 8a, b) .
I.p Infusion of Fenpropathrin Induced Peripheral Organ Toxicity in the Animals
In i.p infusion animals, significant changes were observed in the lung and liver, while no obvious changes could be found in the kidney and heart (Fig. 9) . For the ST infusion animals, no changes were found in the peripheral organs 60 days after the first injection. In i.p animals, alveolar ectasia and alveolar wall fragmentation were detected in the lung. Meanwhile, hepatic sinus expansion around the central tube was observed in the liver. No mortality was associated with i.p-infused animals within 60 days of the fenpropathrin administration.
Discussion
In this study, we present solid and consistent evidences for the specifically neurotoxic effects of fenpropathrin on DA neurons in both in vitro and in vivo models. First, fenpropathrin decreased SH-SY5Y cell viability in a dose-dependent manner. Second, fenpropathrin induced cell apoptosis in a doseand time-dependent fashion, MMP reduction, and ROS generation in time-dependent way. Third, fenpropathrin caused eosinophilic Lewy body-like inclusion formation and increased alpha-synuclein, ubiquitin, and P62 aggregations in SH-SY5Y cell cytoplasm. Fourth, fenpropathrin decreased the number of TH-positive neurons in the SNc and the TH immunoreactivity in both the SNc and striatum, especially in the ST group which was consistent with APO-evoked rotation changes. Finally, fenpropathrin increased the expression of DAT, but decreased the expression of VMAT2 in vivo. These data suggest that fenpropathrin could model pathogenesis features in vitro and in vivo for PD.
Oxidative damage may be an important mechanism of fenpropathrin-induced apoptosis, as the ROS level was significantly increased in fenpropathrin-treated groups compared to that in the Con group. SH-SY5Y cell line is a widely used DA neuronal model for PD research [26, 27] , because these cells possess many characteristics of DA neurons, such as the ability to synthesize dopamine (DA) or norepinephrine and express tyrosine hydroxylase and dopamine-β-hydroxylases [28] . SH-SY5Y cells are susceptible to damage by ROS just like dopamine neurons [29, 30] . Over-generation of ROS by fenpropathrin may aggravate oxidative damage to SH-SY5Y cells. Consistent with previous observations, other pyrethroids such as deltamethrin and cypermethrin have been reported to produce oxidative stress in cells as well [31, 6] . However, the underlying mechanism by which pyrethroids induced oxidative stress is still unknown. It was reported that decreased activity of mitochondria complex I and cytochrome P450 [32] , and mitochondrial dysfunction was involved in pyrethroid-induced oxidative stress [33] .
Protein aggregates could be another harmful factor in fenpropathrin-treated SH-SY5Y cells. Eosinophilic intracytoplasmic inclusions with increased α-synuclein, ubiquitin, and P62 protein aggregates could be found in our fenpropathrin-treated SH-SY5Y cells. Lewy body is one of the histopathological hallmarks of PD and appears in neuronal somata as eosinophilic, rounded inclusions. It is known that Lewy body is intracellular deposit of proteins and lipids [34] , including PD-linked gene products (alpha-synuclein, parkin, LRRK2, DJ-1), molecules implicated in ubiquitin-proteasome system (ubiquitin, P62), and mitochondria-related proteins [24, 35] . According to the character of Lewy bodies, we concluded that fenpropathrin induced Lewy body-like structural formation and Lewy body-associated protein aggregates in SH-SY5Y cells. However, the underling mechanism and consequence of the protein aggregates need further investigation. Fenpropathrin could easily cross the blood brain barrier because of its lipophilic nature, as we have found fenpropathrin in the brain tissue of mice exposed to fenpropathrin by intraperitoneal administration (Supplementary Fig. 2) . In preliminary experiment, 7.5 mg/kg/day (1/30 LD50), 11.25 mg/kg/day (1/20 LD50), 15 mg/kg/day (1/15 LD50), and 22.5 mg/kg/day (1/10 LD50) fenpropathrin (LD50 225 mg/kg for male rats) were used in i.p administration for rat model. During the study, we found that 22.5 mg/kg/day fenpropathrin was lethal to some rats after 2 days exposure, while the 7.5 mg/kg/day fenpropathrin did not induced any behavior changes after 1 month exposure. Thus, we chose 15 mg/kg/day (1/15 LD50) fenpropathrin as the experimental dose for the i.p injection. Nevertheless, i.p administration of fenpropathrin could cause peripheral toxicity and disrupt general health so that i.p administration of fenpropathrin could not reflex the central neural systemspecific deficit characteristic of PD caused by fenpropathrin. In order to observe the direct role of fenpropathrin on the substantia nigra-striatum, fenpropathrin was infused stereotaxically into the right VTA and SNc of the rats. Pyrethroids, such as cypermethrin, were reported to induce DA neurodegeneration in rats after prolonged exposure, as well as other pesticides such as paraquat [36] and rotenone [37] . Therefore, in this study, the effect of fenpropathrin was evaluated on 60 days after the first exposure to fenpropathrin by i.p or ST and 120 days after the first exposure to fenpropathrin by i.p. However, peripheral organs showed slight alterations 60 days after the first exposure to fenpropathrin (15 mg/kg) by i.p. The rats with i.p administration of fenpropathrin could partly mimic the exposure route of fenpropathrin through the alimentary tract in the patient.
The i.p animals did not exhibit reductions in motor behavioral indices 60 days after the first exposure to fenpropathrin. However, 120 days after the first exposure, the animals exhibited deteriorated exploratory ability. This result demonstrated that fenpropathrin-induced motor responses were not acute but progressive and delayed, similar to cypermethrin-induced Parkinsonism motor deficits [9] . It was in accordance with the disease history of that patient who exhibited Parkinsonian symptoms 2 years after eating fenpropathrin-poisoned fish. However, there was no epidemiological observation supporting the correlation between PD and fenpropathrin exposure yet. Our findings for the first time suggest that long-term repeated exposure to fenpropathrin may be relevant to the onset of Parkinsonian symptoms.
Due to the PD symptom in the patient instead of 5-HT, NA or GABA symptoms were typical, and the PD representation in the animal models exposure to fenpropathrin was obviously observed in our research, we determined to exclusively focus on the effect of fenpropathrin on DA neurons. DA neuron degeneration could lead to reduced DA levels in the striatum. The loss of TH, a DA biosynthesis enzyme, could result in decreased DA production, manifesting abnormal dopamine system function [38] . In this study, both loss of TH-positive neurons in the SNc and decrease in the intensity of TH expression in the SNc and striatum were found in all i.p Fig. 9 Pathological changes in peripheral organs of rats exposed to fenpropathrin by i.p or ST infusion, based on H&E staining. a-d Pathological morphology of the lung, liver, kidney, and cardiac muscle in the Con group. e-h Pathological morphology of the lung, liver, kidney, and cardiac muscle in fenpropathrin i.p group. i-l Pathological morphology of the lung, liver, kidney, and cardiac muscle in fenpropathrin ST group infusion and ST infusion groups. The levels of DA and its metabolism in striatum were reduced by fenpropathrin treatment, as observed with cypermethrin [9] . The results showed that exposure to fenpropathrin could target the TH-positive DA neurons. However, the specificity and mechanism of DA neurons damage caused by fenpropathrin need to be performed in our continuous research.
DAT and VMAT2 are known to be main regulators of the cytosolic DA concentration. DAT takes up extracellular dopamine into the cytosol, and VMAT2 sequesters cytosolic dopamine into intracellular vesicles. Dopamine is known to be an endogenous cytotoxin to dopamine neurons. Therefore, higher level of DAT and lower VMAT2 could lead to exacerbated neurotoxicity of dopamine neurons. In this study, higher level of DAT may be a result of DAT gene upregulation by the toxin, similar to upregulation by other small chemicals [39, 40] . Meanwhile, DAT belongs to a family of Na + /Cl − -dependent transporter [41] , and fenpropathrin could interfere the curves of Na+ channel [42] . So fenpropathrin could damage the function of DAT. VMAT2 was known to protect against DA neurons through vesicular sequestration of toxic metabolites so that reduced VMAT2 expression could induce dopamine neurons' loss in PD [43] and enhance MPTP toxicity to dopamine neurons [44] . The decreased VMAT2 level after prolonged fenpropathrin exposure could exacerbate fenpropathrininduced neurotoxicity, consistent with cypermethrinmediated decrease in VMAT2 expression [45] .
In summary, this is the first report that both in vitro and in vivo exposure to fenpropathrin cause DA neurotoxicity. In vitro, fenpropathrin mimics the pathogenesis characters of PD including apoptosis, oxidative stress, Lewy body-like structural formation and protein aggregation. In vivo, fenpropathrin could induce a late onset of TH-positive neurons loss in the SNc after a long-term exposure. We suggest that the increased level of DAT and decreased level of VMAT2 by fenpropathrin increase the cytosolic concentration of dopamine, resulting in increased damage to the dopamine neurons. These findings provide further consideration of fenpropathrin as a potential DA neurotoxin and an environmental risk factor for PD.
